Confirming the origin of Gilbert damping by experiment has remained a challenge for many decades, even for some of the simplest ferromagnetic metals. In this Letter, we experimentally identify Gilbert damping that increases with decreasing electronic scattering in epitaxial thin films of pure Fe. This observation of conductivity-like damping, 2 which cannot be accounted for by classical eddy current loss, is in excellent quantitative agreement with theoretical predictions of Gilbert damping due to intraband scattering.
higher damping [24, 25] . By contrast, the intraband scattering mechanism is typically understood through the breathing Fermi surface model [26] , where electron-hole pairs are excited in the same band, yielding "conductivity-like" Gilbert damping that scales with e, i.e., reduced electronic scattering results in higher damping. Conductivity-like Gilbert damping was reported experimentally more than 40 years ago in bulk crystals of pure Ni and Co at low temperatures, but surprisingly not in pure Fe [20] . The apparent absence of conductivity-like damping in Fe has been at odds with many theoretical predictions that intraband scattering should dominate at low temperatures [27] [28] [29] [30] [31] [32] [33] , although some theoretical studies have suggested that intraband scattering may be absent altogether in pure metals [34, 35] . There has been no conclusive experimental work following up on Ref. [20] to address the open question of the role of intraband scattering in pure Fe 1 , despite advances in the synthesis of epitaxial ferromagnetic metal thin films as model systems [16, 36, 37] and the recent surge of interest in Fe-based films as viable ultralow-damping platforms for spintronic applications [14, 15, [38] [39] [40] .
In this Letter, we experimentally demonstrate the presence of conductivity-like Gilbert damping due to intraband scattering in epitaxial thin films of body-centered-cubic (BCC) Fe. By combining broadband ferromagnetic resonance (FMR) measurements with characterization of structural and transport properties of these model-system thin films, we show that conductivitylike Gilbert damping dominates at low temperatures in epitaxial Fe. These experimental results 1 Ref. [31] includes experimental data that suggest the presence of conductivity-like Gilbert damping in an ultrathin Fe film, although no detailed information is given about the sample and the experimental results deviate considerably from the calculations. An earlier study by Rudd et al. also suggests an increase in Gilbert damping with decreasing temperature [22] , but quantification of the Gilbert damping parameter in this experiment is difficult.
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agree remarkably well with the magnitude of Gilbert damping derived from first-principles calculations [27, 28, 31] , thus providing evidence for intraband scattering as a key mechanism for Gilbert damping in pure BCC Fe. Our experiment resolves the longstanding question regarding the origin of Gilbert damping in the prototypical ferromagnetic metal.
Epitaxial BCC Fe thin films were sputter deposited on (001)-oriented MgAl2O4 (MAO) and MgO single crystal substrates. The choices of substrates were inspired by the recent experiment by Lee et al. [16] We verified the crystalline quality of the epitaxial Fe films by X-ray diffraction, as shown in Fig. 1(a-c) The residual electrical resistivity also reflects the structure of metals. As shown in Fig [100] axes of Fe; Gilbert damping is essentially isotropic within the film plane for our epitaxial Fe films, in contrast to a recent report of anisotropic damping in ultrathin epitaxial Fe [39] . Figure 2 shows that the peak-to-peak FMR linewidth Hpp scales linearly with frequency f up to our instrumental limit of 65 GHz, enabling a precise determination of the measured Gilbert damping parameter from the standard equation,
where Hpp,0 is the zero-frequency linewidth and ′ = /2 ≈ 29. This insensitivity of Gilbert damping to disorder can be explained by the dominance of the interband (resistivity-like) mechanism at room temperature, with phonon scattering dominating over defect scattering. Indeed, since MAO/Fe and MgO/Fe have the same roomtemperature resistivity ( Fig. 1(d) Gilbert damping for these two samples. To this end, we performed variable-temperature FMR measurements using a spectrometer equipped with a closed-cycle cryostat. Figure 3(a) ,(b) shows that meas is enhanced for both samples at lower temperatures. Notably, this damping enhancement with decreasing temperature is significantly greater for MAO/Fe. Thus, at low temperatures, we find a conductivity-like damping increase that is evidently more pronounced in epitaxial Fe with less structural disorder.
One possible origin for such conductivity-like damping increase is the dissipation of energy due to classical eddy currents, which should increase proportionally with the increasing conductivity at lower temperatures. However, from our estimation based on the measured conductivity and the common model for eddy current damping [36, 43] ,
where 0 ≈ 2.0 T is the saturation magnetization and tF is the film thickness, we find that eddy current damping accounts for only ≈20% (≈30%) of the total effective damping of MAO/Fe (MgO/Fe) even at the lowest measured temperature (Fig. 3(c) ). Furthermore, as shown in the Supplemental Material, thinner MAO/Fe films, e.g., tF = 11 nm, with negligible eddy still exhibit a significant increase in damping with decreasing temperature. Our results thus indicate a substantial contribution to conductivity-like damping that is not accounted for by classical eddy current damping.
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For further discussion, we subtract the eddy-current damping from the measured damping to denote the Gilbert damping parameter attributed to spin-orbit coupling as = − . To correlate electronic transport and magnetic damping across the entire measured temperature range, we perform a phenomenological fit of the temperature dependence of Gilbert damping with [21] = ( )
,
where the conductivity-like and resistivity-like terms are scaled by adjustable parameters c and d, respectively. As shown in Fig. 4 (a),(b), this simple phenomenological model using the experimental transport results ( Fig. 1(d) ) agrees remarkably well with the temperature dependence of Gilbert damping for both MAO/Fe and MgO/Fe.
Our findings that Gilbert damping can be phenomenologically partitioned into two qualitatively distinct contributions (Eq. 3) are in line with Kambersky's torque correlation model.
We compare our experimental results to first-principles calculations by Gilmore et al. that predict the relationship between Gilbert damping and electronic momentum scattering rate e -1 for BCC Fe through Kambersky's torque correlation model. We use the experimentally measured resistivity ρ ( Fig. 1(d) ) to convert the temperature to e -1 by assuming the constant conversion factor ρe = 1.30×10 -21  m s [28] . To account for the difference in electronic scattering rate for the minority spin  and majority spin , we take the calculated curve from
Gilmore et al. with / = 4 [28] , which is close to the ratio of D(EF) of the spin-split bands for BCC Fe, e.g., derived from our density functional theory calculations [41] . For explicit comparison with Refs. [27, 28] , the Gilbert damping parameter in Fig. 4 MgO/Fe, providing additional experimental evidence that intraband scattering predominately contributes to Gilbert damping at low temperatures.
We also compare our experimental results to a more recent first-principles calculation study by Mankovsky et al., which utilizes the linear response formalism [31] . This approach does not rely on a phenomenological electronic scattering rate and instead allows for explicitly incorporating thermal effects and structural disorder. Figure 4(d) shows the calculated temperature dependence of the Gilbert damping parameter for BCC Fe with a small density of defects, i.e., 0.1% vacancies, adapted from Ref. [31] . We again find good quantitative agreement between the calculations and our experimental results for MAO/Fe. On the other hand, the Gilbert damping parameters at low temperatures for relaxed MgO/Fe are significantly below the calculated values, which can be explained by the reduction of intraband scattering due to defect scattering (enhanced e -1 ).
More generally, the presence of defects, evidenced by finite residual resistivity, in all real metals ensures that the Gilbert damping parameter is finite even in the zero-temperature limit.
This circumvents the theoretical deficiency of Kambersky's torque correlation model where Gilbert damping would diverge in a perfectly clean ferromagnetic metal at T  0 [34, 35] . We also remark that a fully quantum mechanical many-body theory of magnetization dynamics yields finite Gilbert damping even in the clean, T = 0 limit [44] .
While the quantitative agreement with theoretical calculations suggests that our experimental results capture intrinsic Gilbert damping, two-magnon scattering could in principle contribute to the measured damping, since all of our FMR measurements are performed with the Fe films magnetized in-plane [45] [46] [47] [48] . However, there is no obvious explanation for how twomagnon scattering might increase with decreasing temperature, as the saturation magnetization (dipolar interactions) of the Fe films is essentially constant in the measured temperature range.
Moreover, we observe greater enhancement of the magnetic relaxation for the sample (MAO/Fe) with less structural disorder, while it is generally expected that higher structural disorder leads to stronger two-magnon scattering. As such, two-magnon scattering likely does not play any significant role in our experimental observations.
We further remark that exchange-conductivity relaxation due to a spatial gradient of magnetization dynamics [20] , which is a significant linewidth contribution in samples much thicker than the skin depth, is not applicable in our Fe thin films. The apparent absence of conductivity-like Gilbert damping in the early study on bulk Fe crystals [20] may be due to an overestimation of the exchange-conductivity contribution or due to structural disorder [31] . In this respect, the upper limit of a two-fold increase of the Gilbert damping parameter from T = 300 K to 4 K deduced in Ref. [20] is consistent with structural disorder similar to the MgO/Fe films of our study. However, it is difficult to disentangle different contributions to damping from the single-frequency measurements in Ref. [20] . By contrast, our experimental study on epitaxial MAO/Fe and MgO/Fe, which employs broadband FMR measurements along with characterization of film structure and electronic transport, permits a straightforward interpretation of the results and a reliable comparison with theory.
In summary, we have demonstrated the dominance of conductivity-like Gilbert damping due to intraband scattering at low temperatures in high-quality epitaxial Fe. Our experimental results also validate the longstanding theoretical prediction of intraband scattering as an essential mechanism for Gilbert damping in pure ferromagnetic metals [27] [28] [29] [30] [31] [32] [33] , thereby advancing the fundamental understanding of magnetic relaxation in real materials. Moreover, our experimental finding that, in the zero-temperature limit, a disordered material can exhibit lower Gilbert damping (spin decoherence) than its cleaner counterpart may have important implications for designing magnetic media for potential quantum information systems [49, 50] . 
